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Abstract 
A battery test chamber was designed for temperature-controlled experiments on 
batteries. The apparatus is a standalone desktop unit capable of testing a battery of maximum 
size 2.25” x 2.25” x 2”. There are two separate chambers divided by a rotating, 90° door. The 
chamber halves are used for heating and cooling the battery, respectively. An adjustable mount 
for the battery allows for variation in sample size and securely holds the battery throughout the 
experiment. The operator can twist a knob on top of the box to spin the battery between the hot 
and cold chambers. The hot side is equipped with two PTC heating pads placed directly above 
and below the battery, which are controlled by a PID temperature control system, allowing 
precise repeatable trials. One the cold side, a coolant spray can be administered through the 
top access door to rapidly cool the battery. The battery test chamber was manufactured in the 
mechanical engineering machine shop. Assembly of the chamber proved to be complex and if 
constructed again some elements would be simplified further. The overall objective of the senior 
design project was achieved through the design and manufacturing of a new, small scale, 
battery test chamber.   
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Chapter 1: Introduction 
Background 
Battery technology is increasing at an ever-accelerating pace, as the boundaries of 
materials, chemistry, and physics are pushed farther and farther. New battery technology is 
allowing batteries to become smaller, lighter and more energy dense.  As these limits are 
pushed, it is important that these products are still safe for consumers to use. When the density 
of energy stored in a battery increases, the risk of fire or explosion also tends to increase. 
Battery failure can be very dangerous to the consumer, their property, and to those around 
them. Several high-profile products have recently made headlines for catastrophic battery 
failures, most notably the Samsung Note 7 and so called “hoverboards,” both of which were 
found to seemingly spontaneously burst into flames as the batteries underwent thermal 
runaway. 
 Many of these battery failures are attributed to design failures or manufacturing defects, 
but often these are not exposed until the product is in the hands of the consumer and faces real 
world conditions. One such condition that can trigger failure is extreme heat and extreme cold, 
and specifically the quick transition between the two. There is much that is unknown about the 
internal chemistry that occurs under these conditions. It is therefore necessary to create a 
device that would allow the testing of such conditions in a controlled environment. The goal of 
project was to create just such a device. 
 
Design Requirements 
 The objective of this project was to develop a tool that researchers can use to better 
understand the effects of temperature on advanced battery technology. The device was to be a 
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chamber capable of heating and then rapidly cooling a battery or other small test object. The 
box was designed to reach a maximum temperature of 150°C. The box was originally designed 
to accept a battery of dimension up to 1 inches x 1 inches x 3 inches. However, after preliminary 
design discussions, the maximum required size was decreased to 40mm x 40mm x 10mm. 
Perhaps the most important requirement for this chamber was the cooling rate. The chamber 
should be able to decrease the chamber and/or battery temperature at rate greater than or 
equal to 15 °C/min, although any faster is preferred. 
 While this project was not intended to design a device for the destructive testing of 
batteries, when working with high energy density batteries, fire and explosion is a very real risk. 
It was therefore desirable to design the testing device to be able to withstand small fires and 
possibly small explosions, as well as rapid release of gases. The device was also to be 
constructed at a reasonable price range, with a materials budget set for this project at $500. 
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Chapter 2: Conceptual Design 
Research 
Preliminary research was conducted on existing temperature-controlled test chambers. 
Group members found heating and cooling chambers from multiple vendors including: 
Thermotron Industries, A GenTherm Company, Weiss technik, ESPEC, Russells Technical 
Products, LIB, Climats, Sanwood, and Votsch. All the chambers found were all more 
complicated than what we want to design however, the research gave good background 
knowledge about what components and capabilities have been previously attained. 
When comparing the various testing chambers, the size, temperature range, key 
features, and explosion proof qualities were evaluated. The Smallest test chamber found was 
16 liters, which is still oversized for our intended application. Most of the chambers had volumes 
more than 200 liters, intended for large laboratories and industry. The Sanwood chamber 
reached the lowest temperature at -75° C while the maximum temperature was 180° C. The 
only chamber with a higher temperature capability is the LIB 2 Zone chamber at 200°C. Most of 
the chambers were either fully or partially explosion resistant. When looking into the special 
features of the temperature test chambers, many had Nitrogen purge systems, and pressure 
relief ports. The Sanwood chamber comes equipped with a humidity control. Also, the LIB 
chamber uniquely had a basket to transfer the specimens from one side of the chamber to the 
next, however the transfer time was 15 seconds. 
Some of these key features spurred further discussion about the requirements for our 
battery test chamber. Like many of the chambers we researched, our chamber was also to be 
designed to be explosion resistant. However, with the size and scale of batteries undergoing 
testing in our chamber, the magnitude of a potential explosion from our battery does not require 
any additional strengthening of components. Another feature questioned was the humidity 
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control. After meeting with the researchers conducting the experiments, it was determined that 
the battery can withstand humidity changes while testing and the effect on the outcome is 
negligible. Due to this, we will not add a humidity sensor or control. One final feature considered 
for our design from the existing test chambers researched is the use of a basket for transport. 
When brainstorming, the use of a cable to raise and lower the battery without a physical basket 
was incorporated into the concept design three, seen in Figure 5. 
One aspect that all the chambers researched had in common was that they were all 
prohibitively expensive. Ranging from tens of thousands of dollars to some well over $100,000. 
This highlights the need for a design like ours, a small chamber that costs magnitudes less than 
full scale professional units, while not sacrificing on performance.   
 
Heating and Cooling Methods: 
For the heating and cooling methods, several different types of heating and cooling were 
considered, some based on current designs of battery test chambers and some not. Several 
heating methods were considered, including nichrome wire, a heat pump, hot water or steam, 
an immersion heater, and a thermal fluid system. To improve the effectiveness and uniformity of 
the heating, a separate heating cavity connected to the chamber was originally considered. This 
would include a fan to circulate air between the two compartments, so that we could evenly heat 
the battery without any hotspots or one side heating faster than the other.  We figured that with 
this design we could heat the area inside the chamber rather than directly heat the battery.  
A similar design was considered for our cooling method.  By cooling air in a second 
chamber and blowing it into the main cooling chamber, the battery can be cooled consistently. 
There was some concern as to how quickly the cooling could be achieved, since that was the 
linchpin of this whole project, creating a device that can rapidly cool batteries. Methods 
considered for cooling the second chamber were liquid nitrogen, dry ice, refrigerator (single 
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stage or cascade), or a thermoelectric cooler. Or possibly a combination of serval methods, as 
was observed in many of the commercial chambers that were researched. Many contained a 
cascade refrigeration system with liquid nitrogen “boost” option to increase the cooling rate. 
However, these compound systems in profession chambers all came with exorbitant price tags. 
 
Subsystem Divisions 
To better understand the function of the battery box, it was divided up into several 
subsystems that function together to create a functional box: 
Outer Structure: The first of these is the outer structure of the box. This subsystem 
includes the walls, bottom and any lids or doors of the system. Both a dual chamber and a 
single chamber designs were considered. The dual chamber would reduce the energy input, 
since the temperatures of the respective hot and cold chambers would be maintained. However, 
a mechanical mechanism to transfer the battery is required. On the flip side, with a single 
chamber, the size of the box can be reduced and there is no need to transfer the battery. 
 
Insulation: Integral or separate from Outer Structure. Several materials that can 
withstand both high and low temperatures were considered including polyurethane foam, 
fiberglass, mineral wool, or heat flow. 
Battery Byproduct Control: As previously mentioned, the chamber(s) would need to be 
chemical and explosion resistant, as there is a chance the batteries could leak corrosive agents 
or even catch fire and explode. The chamber will need to be sealed to prevent battery liquids 
from seeping into the insulation/structure. There is also the possibility the battery under test 
could off-gas. A method of dealing with potentially hazardous gases is therefore necessary, 
such as a nitrogen purge or a ventilation system. Excessive heat can also be a problem but can 
be mitigated with a proper control system and venting. 
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Heat Source: Several different ways to heat up the hot chamber were researched: 
nichrome wire heater, a heat pump, hot water/steam, a thermal fluid system and an immersion 
heater. 
Cooling Source: Several different ways to cool the cold chamber were also researched: 
liquid nitrogen, dry ice, a refrigerator/heat pump, or a thermoelectric cooler. 
Data Collection: Data collection from both the battery under test as well as the chamber 
itself. This requires some type of electrical system to collect information from sensors and from 
the battery itself. Such information might include the temperature of the battery, the voltage and 
current of the battery, or perhaps the pressure in the chamber.  Systems might also be included 
to measure the ambient temperature, monitor the gas levels and thermally image the battery 
under test. 
Control System: Having a way to accurately control the temperature is very important to 
the testing. Something as simple as a basic thermostat could be used, or something more 
advanced such as connecting a laptop or using Arduino/Raspberry pi. A good user interface 
would make this much easier as well, such as a screen or display with a knob, buttons or a 
keyboard, allowing the system to be programmable.   
 
Preliminary Designs 
After we researched current battery boxes, we were able to create three concepts that 
we believe could work for our project. The first design involved a revolving door that separates 
two semicircular chambers, hot and cold, in the box. The battery would be suspended from a 
bracket protruding from the revolving door in order that it is evenly heated and cooled.  The 
reasoning behind this was to combine the transportation of the battery with the opening and 
closing of the door, so that two systems become one. The box would be cylindrical in shape and 
have a pin through its center that holds the door and allows it to rotate or pivot. On one side of 
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the box there would be an adjacent heating chamber with a resistive heating coil. Two ducts 
would connect it to the main hot side chamber. On the other side there would be a separate 
cooling chamber with a radiator circulating liquid nitrogen that will absorb the heat from the 
chamber. Both heating and cooling adjacent chambers would include fans to circulate air 
around their respective heating or cooling element. The door rotates to take the battery from 
being heated, to being cooled in a short amount of time. The drawings to this concept, dubbed 
“Revolving door” are shown below in Figure 1 and Figure 2. 
 
 
Figure 1 - Design one, Revolving Door (Top Down view) 
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Figure 2 - Revolving door from Concept Design 1 
 
The second design was named “cable lift.” It would also have two separate chambers but will be 
stacked vertically. The cold chamber will be on the bottom and the hot chamber will be on top, 
as to take advantage of the properties of hot air. Since the cold air is denser, a natural 
thermocline would develop, helping separate the hot and cold chambers. Separating the two 
chambers would be a small, flat door (sliding or double pivoting door). The battery would be 
suspended by a cable between two pulleys on the top and bottom of the chamber. This design 
would use the same heating and cooling methods as design 1 This can be seen below in Figure 
3 and Figure 4. 
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Figure 3 - Cable lift, Concept Design 2 
 
Figure 4 - Doors for Design 2, Cable lift 
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The third design has a 90o pivoting door, so was thus named “90° door”.  This design will 
also feature two chambers. One potential flaw with design 1 “revolving door”, was that much of 
the air in either side of the chamber would be transferred along with the battery, decreasing 
efficiency and decreasing cooling and heating rates. To remedy this, there would be a door that 
rotates 90o to minimize the chamber size and displaced air. The heating and cooling ducts 
would be attached to either side of the box and will have heating and cooling methods just like 
design 1. There would be doors on top of the box to place the batteries inside and remove them. 
This design can be seen in Figure 5. 
 
Figure 5 - Concept Design 3, 90o Pivot Door (Top Down view) 
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The materials for the chambers was left ambiguous, to be determined in the embodiment 
design phase. All three chambers would be insulated to avoid heat loss and increase efficiency. 
We also determined that using the device under a fume hood would eliminate a need for an off-
gassing system, which greatly simplifies our design. 
 At the end of the conceptual design phase, concept three 90° pivot door was selected as 
the best concept to move forward into embodiment design. After discussing all three designs 
with the researchers, 90° door became the clear favorite. Concept 2 cable lift was deemed far 
too complex, with a separate cable lift system in conjunction with a much more complex door. 
This left concept 1 revolving door and concept 3 90° pivot door. Both were very similar, but with 
concept 3 having the potential to be more compact and more efficient, with its angled door. The 
decision to select concept 3 was an easy one. Therefore, a weighted decision matrix was not 
needed to assist in the decision-making process. 
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Chapter 3: Embodiment Design 
Embodiment Rules and Principles 
 The battery test chamber design with a 90° door was selected at the end of the 
conceptual design stage, to be further developed in the embodiment design phase. Once the 
general design was set, several embodiment rules and principles were considered to establish 
design specifics. The first embodiment rule examined was simplicity. The selected design was 
confirmed to have fewer components and be easier to manufacture. The project design 
eliminated intricate nonessential elements for the objective of simplicity to be achieved. One 
such simplification was to eliminate the separate heating and cooling chambers, by putting the 
heating and cooling elements directly into the same chamber as the battery under test. This 
simplified the design by reducing the number of chambers from four to two, as well as 
eliminating the need for any type of air circulation system. 
Another key aspect in embodiment design was safety. The battery test chamber function 
is to contain an experiment conducted on batteries at a high temperature. When thinking about 
the application of the chamber the safety of the operator was critical. The overall apparatus 
must contain any small explosion or leakage from the batteries. It also must be able to withstand 
the high heat and not cause personal injury if battery is not properly cooled before removal. Test 
conditions should be able to be safely monitored and observed without opening the chamber 
during a test. Therefore, transparent material was desired for at least one side of each chamber, 
to allow the operator to make observation of the battery under test. 
The embodiment principle of division of tasks was also explored. The chamber was 
divided into two separate sides to execute the temperature change easier. By physically moving 
the battery from a hot chamber to a cool chamber, it can be cooled or heated much more 
rapidly. This is due to the reduced thermal inertia. Instead of cooling an entire chamber with 6 
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walls and hardware, the system only needs to remove heat from the battery itself and the 
hardware immediately surrounding it. The heating side is where the battery is initially input and 
reaches the required maximum temperature. Then on the opposite side of the chamber the 
battery can be rotated into it for the cooling process.  
 
Material Selection Process and Reasoning 
 The selection of materials to manufacture the chamber involved a lot of research. The 
strict temperature requirement of 150 degrees Celsius, combined with the desire for 
transparency in at least one side, eliminated many possibilities. It was also important for all 
materials considered to have a good machinability, be easy to work with, as well as being 
chemical resistant. Eight different materials from 15 suppliers were compared. The material 
options can be seen below in Table 1. For the Full Table of all Material Suppliers Considered, 
See Appendix 2. 
Table 1 - Materials Considered for Chamber Construction 
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 After analyzing the different materials with the objective to minimize cost, while 
maximizing safety and machinability, two main materials were selected instead of one. This was 
due to the high cost of transparent materials. The decision was made to have the top and front 
panels of the chamber transparent for a viewing space, while the rest of the chamber could be 
made from a cheaper, opaque material. The transparent material selected was ULTEM™, a 
family of polyetherimide (PEI) plastic manufactured by the SABIC. This was purchased from 
Curbell Plastics. 6061 Aluminum alloy was selected for the rest of the box, purchased from 
McMaster-Carr. The combination of these two materials allowed for all the performance 
constraints to be met in addition to minimizing the cost. Stainless Steel was also selected for 
some of the smaller components of the chamber, such as much of the hardware and for two 
small heat shields.  
 
Narrowing of Design 
 Next, with the general chamber materials selected, design simplified, and safety 
considered, the additional essential elements were developed. On the heating side of the 
chamber, selection of heating elements was required. When operating the battery test chamber, 
the battery temperature must be monitored as it increased. Several heating methods were 
explored based on current designs of battery test chambers.  We found several ways to heat a 
chamber, and all were very similar, but we needed to find something that was cost effective and 
could work with the design we chose.   
We had originally investigated creating a separate heating cavity connected to the 
chamber so that we could evenly heat the battery.  We figured that with this design we could 
heat the area inside the chamber rather than directly heat the battery.  We investigated using a 
nichrome wire, a heat pump, using hot water or steam, an immersion heater, or a thermal fluid 
system.  After meeting with Dr. Farhad, he introduced another method of heating, positive 
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temperature coefficient (PTC) ceramic Heaters, which could eliminate the heating cavity and 
would take up minimal space in the chamber. These Heaters are self-limiting in that as they 
increase in temperature, their internal resistance also increases, limiting current and therefore 
limiting temperature. This permits their use directly in the hotside chamber, without worrying 
about excess heat or hotspots being generated. The decision was made to select these heating 
pads that could be placed in close proximity to the battery. These heating pads have a very 
large range of heating temperatures that are well above the temperature we will need.  This will 
ensure that we reach the desired temperature time after time with sufficient precision. 
We also investigated a similar, separate, cooling cavity design for our cold side cooling 
method. However, for simplicity, this separate cooling cavity was also removed, and a more 
direct method was considered. We looked into cooling the second chamber by way of liquid 
nitrogen, dry ice, refrigerator (single stage or cascade), or a thermoelectric cooler.  After some 
discussion, it was determined the simplest method of cooling for the current design was a 
coolant spray, with the possibility of adding a liquid nitrogen cooling system in the future. The 
cooling stage is not as critical for the currently planned experiments, so the simplest sufficient 
method was chosen. The purpose of cooling is merely to allow the battery to be removed safely, 
quicker. One drawback to using a coolant spray is that it does require the operator to engage in 
this final stage of the experiment. The spray is not automatically turned on to enact the cooling 
process, therefore the battery sample is not cooled uniformly in each experiment. In the future 
this side of the test chamber could be improved if desired.  
 Once the design aspects were nailed down general dimensioning was calculated. The 
overall size of the battery test chamber box was based off the maximum size of the battery 
samples. The design was first determined for a battery size 1-inch x 1-inch x 3 inches. This 
resulted in a square footprint design for each side of the chamber and a taller box to 
accommodate the longer battery height.  Minor adjustments to the box size were made after the 
maximum battery size was altered to 40mm x 40mm x 10mm. However, the overall box size 
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height could be reduced further if desired in a future design. This improvement would reduce the 
distance between the battery and heating pads and allow for quicker experiment trials. It could 
also be scaled up to a larger size to test multiple batteries or larger batteries, such as Laptop 
batteries or even single cells from automotive batteries. 
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Chapter 4: Detail Design 
Component Selection and Sourcing 
 After the completion of the embodiment design phase and the shape and layout of the 
chamber was determined, the purchased components were then selected and sourced. 
McMaster-Carr was selected as the primary supplier, as they have a large selection of industrial 
supplies, allow small quantity orders, and are located locally in Aurora Ohio, allowing us to pick 
up our order without incurring shipping charges. Therefore, unless specified otherwise, all the 
components mentioned below were purchased at McMaster-Carr. In general, stainless steel 
hardware was selected where possible to help prevent discoloration and corrosion, especially 
since contact with battery chemicals was probable. 
The first hardware selected was the screws to hold together the various panels that 
make up the box. The thickness of material that makes up the box, ⅜”, was selected 
deliberately to allow threaded holes to be drilled into the edges, specifically 8-32 screws. This 
allows the box to be made up of butt joints screwed together with countersunk screws. The 
screws selected were ⅝” 8-32 stainless steel countersunk screws, as seen in Figure 6. This 
length was selected based on the recommendation and experience of Steve Gerbetz, from the 
mechanical engineering machine shop. ⅝” screws allow enough thread engagement to provide 
a strong joint, while also being shallow enough to make the holes easy to manufacture. Since 
we were tapping all the holes by hand, there was a significant risk of breaking off a tap in a hole. 
As part of the design of the 90° door that divides the two chambers, a hinge was 
required. However, it is not intended to be used like a traditional hinge. The pin would be cut out 
and replaced with a shaft connecting to the knob on top of the box. With each half of the hinge 
connected to one half of the door, and the hinge fixed to the shaft with pin, the operator can 
rotate the doors using the handle. This setup can be seen in Figure 7. The correct size stainless 
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steel hinge was found on McMaster-Carr. The hinge was listed as a non-removable pin, but this 
was only due to it being riveted on both ends. After grinding off the riveted end, the pin could be 
knocked out. The same countersunk bolts used for the box panels were also used here to hold 
the hinge to the door panels. However, stainless steel nuts and washers were purchased for 
use on these screws. These were chosen because they are easier than cutting threads into the 
stainless steel door hinges, and ample room exists behind the hinge to allow for nuts and 
washers. 
The shaft used in the door was chosen based on the hinge, since the hinge originally 
had a 3/16” shaft, a 3/16” stainless steel shaft was selected. Originally, sealed ball bearings 
were to be used to support the shaft, but after researching various suppliers, I was clear it would 
be difficult and expensive to purchase a bearing that size that could safely withstand 150° C. 
Because of this, oil impregnated bronze bushings were used instead. These turned out to be a 
better solution anyway. They have a much higher maximum temperature, they are smaller 
Figure 6 - Countersunk screws were used to 
hold the panels of the box together 
Figure 7 - Hinge bolted to door halves with 
pin replaced with shaft 
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profile, less expensive and are much simpler. In addition to this, the loads on the shaft are quite 
small, and the shaft velocity is only as fast as a person can spin it 90°, so a bronze bushing is 
more than sufficient. A flanged bearing was selected for the bottom to support to the door axially 
and a regular cylindrical sleeve bearing was selected for the top. Stainless steel spacers were 
also selected to prevent vertical movement of the door and shaft. To top off the shaft, a 
stainless steel knob was purchased, which is to be tapped to allow a set screw to lock it onto the 
shaft. 
The next design dilemma that needed solved was how to hold the battery. In the 90° 
door design, it is critical that the battery be suspended from the door, so that when the door is 
rotated, the battery is transported to the other chamber. Another requirement of the design was 
that the battery needed to be heated from the heating pads located above and below the 
battery. Therefore, it is beneficial to only grip the battery from the sides, not from the top or 
bottom. During the conceptual and embodiment design phase, the battery suspension problem 
was thought of as a general “bracket” that would be adjustable to hold the battery in the middle 
of the chamber. However, the exact specifications and connections were never flushed out 
beyond that. The first idea was to use a 90° bent flat bar with two sliding “tabs” that would slide 
along slots and bolt in place, as seen in Figure 8. This approach seemed to be overly complex 
and difficult to machine. In addition to this, the battery would not be able to be secured, since 
tightening the threads would not tighten the grip on the battery, only the tabs.  
Based on the failures of the first approach, a new design was developed that would put 
the threaded axis in line with the battery, so that tightening the threads would tighten the fixtures 
grip on the battery. This design, as seen in Figure 9, was chosen and the components 
purchased from McMaster-Carr. It consists of four segments of stainless steel, 6-32 threaded 
rod, two extending from each side of the door. The rods are threaded into a corner bracket, 
 23 
 
which grips one corner of the battery. On each pair of rods there is a sliding carriage that 
supports the two adjacent corners of the battery. A thumb nut behind each carriage allows the 
user to tighten the fixture down on the battery. This allows the battery to be clamped on two 
sides, from three corners. Stainless Steel 6-32 nuts and washers were used on both sides to 
bolt the rods to the door. 
The last component of the physical structure of the box 
is the lids on top that allow access to both the cold and hot side. 
These are attached with stainless steel piano hinges. The metal 
of the piano hinges is too thin to countersink or thread, the 
countersunk screws would not work to secure these in place. 
Instead, 7/16” 8-32 Stainless Steel button head screws were 
purchased to secure the hinge. This can be seen in Figure 10. 
To open the lids, two round plastic handles were purchased. 
They have 8-32 threaded inserts in them, so can be attached 
with the same countersunk screws as were used in the wall 
panels. The lids are only held in place by gravity, this prevents 
any type of pressure build up in the chamber in the case of off-
Figure 8 - Previous battery fixture Figure 9 - Current Battery Fixture 
Figure 10 - Hinge system on the 
lids of the box 
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gassing from the battery. Lastly, two brass handles were added to the side walls of the 
chamber. These give the operator a firm place to pick up the chamber, since the lids are not 
secured so the knobs on them cannot be used to lift the box. 
For the control system of our chamber, we elected to use a PID temperature controller. 
These come in various qualities and price ranges, as well as temperature and accuracy 
capabilities. McMaster-Carr only stocked models on the high end of the performance, quality, 
and price curves, so we chose to source our controller from Amazon. Our controller has a digital 
readout to select the desired temperature, display the current temperature, and set the PID 
gains. The controller also came with a thermocouple that will be mounted in the chamber to 
measure the temperature and provide feedback to the controller.  
After further discussion with Dr. Farhad, the decision was made to switch away from 
using PTC ceramic heating elements, and instead use the far less expensive polyimide heating 
elements, which consist a foil heating layer sandwiched between two layers of polyimide plastic. 
These elements, along with being less expensive, are flexible and backed with pressure 
sensitive adhesive. This would allow us to easily mount the heating elements directly to the 
inside of the box. However, to better direct the heat from the panels toward the battery under 
testing and away from the chamber walls, they were instead mounted on stainless steel plates, 
which were purchased from McMaster-Carr. The stainless steel serves two purposes: Stainless 
Steel has a lower thermal conductivity than aluminum, so having the heating pad mounted on 
the stainless steel heat shield instead of directly to the aluminum should keep more heat within 
the chamber and decrease heat loss. On the top of the chamber, the ULTEM is poor conductor 
of heat, but has a low softening temperature compared to the aluminum and stainless steel, 
therefore, it is better to not mount the Heating panels directly on the ULTEM. To hold these heat 
shields in place, four button head screws are used on each panel, one in each corner. 
Additionally, to increase the effectiveness of the heat shields, they are mounted off the surface 
with spacers to allow for an air gap behind them. For the spacers, we used polyether ether 
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ketone (PEEK) washers. These are high-temperature plastic washers that are poor conductors 
of heat. The heating panels themselves are mounted on the stainless steel heat shields with 
pressure sensitive adhesive, specifically 3M 468MP, which has a maximum operating 
temperature of 200 °C. The stack up of the heating system can be seen in the diagram in Figure 
11. 
 
Integration of 3D models of components 
 With all the components of the design selected and sourced, the 3D CAD model was 
updated to reflect all the components. McMaster-Carr has downloadable 3D models of many of 
their products, thankfully they had models 
of all the hardware used in the battery box. 
A few components had to be modified 
slightly, such as putting holes in the piano 
hinges, and removing the pin from the 
hinge used on the door. The models were 
downloaded and imported into solid works, 
and then constrained into their appropriate 
positions. We also used the appearances 
functionality of Solidworks to create more 
realistic renderings of our prototype, such as making the ULTEM semi-transparent amber, and 
the bushings bronze colored. This also made it simple to check for basic fit and interference of 
all the components. This is especially important when matching up the purchased components 
with the parts that are to be manufactured. The detailed 3D model also allowed us to do a 
dynamic interference analysis. By constraining the lid’s and the door and then cycling them 
Figure 11 - Heating Panel Mounting Detail 
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between their positions, we could check for any interferences we may have otherwise 
overlooked. 
 Once the detailed model was complete, detailed dimensioned drawings of all the 
manufactured components were created, along with assembly drawings of the door sub-
assembly and of the complete chamber. All these Drawings can be found in Appendix 3. 
Purchased components did not have drawings created for them, since the supplier, McMaster-
Carr, provides drawings for all the components we purchased from them. 
  
Bill of materials and cost estimates 
 All the components of the project were combined into one excel spreadsheet Bill of 
Materials. The Bill of materials is then broken down into two tables, one for all the purchased 
components and raw materials, and the other for the Components that were manufactured. In 
the Purchased components table, information such as supplier, quantity, and material were also 
listed. The Manufactured Components Table contains all the Aluminum and ULTEM 
components that were to be manufactured from the section of purchased flat stock. An 
abbreviated version is Seen below in Table 2 and 3, see the Appendix 4 For the full version: 
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Table 2 - Bill of Materials: Purchased Components 
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Table 3- Bill of Materials, Fabricated Parts 
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Chapter 5: Discussion 
Manufacturing 
With the design complete and the components purchased, manufacturing could begin. 
The fabricated components were all made by the members of the design team in the 
mechanical engineering machine shop in ASEC 2. The first task was to break down the 12” x 
24” Aluminum sheet into the various flat components. This was where we ran into our first issue. 
We found the Aluminum sheet was in fact an aluminum extrusion, as was warped across the 
12” dimension. Originally, we had the long edge of our base along this warped dimension, which 
would have put it out of flat by around .125” across its length. To mitigate this issue, we rotated 
all the components to orient their short edge along the warped dimension. With this change, the 
maximum out of flatness component was the short edge of the base, and it was only out of flat 
by around .0625”, a more manageable tolerance 
After the pieces were cut to size on the 
bandsaw, they were all milled to the correct dimension 
on the upright milling machine. This worked out well to 
get accurate, square edges, but took much longer than 
initially estimated. The necessary holes were then laid 
out by hand, center punched, and drilled on the drill 
press. This procedure resulted in some inaccurate 
holes, since we did not use a spot drill, but rather drilled 
directly with the correct size drill bit. This led to the drill 
wandering off the intended mark on some holes. These 
small errors were overlooked at first but would later 
make the assembly process much more difficult. In 
Figure 12 - Milling the components 
to size 
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hindsight, we should have investigated having our large aluminum sheet cut to size with a CNC 
milling machine. Then, the components could have been milled to the accurate size and very 
accurately center drilled, all in one process. Even if it would have taken a few days to get it 
properly setup, the resulting improvements in speed and accuracy of cut would have made a big 
difference. 
When it came time to begin assembling components, it became clear the inaccuracy of 
the holes would be an issue. Since the box is held together with countersunk screws, it was 
important the through hole in one component was concentric with the threaded hole in the other, 
otherwise the screw would either thread in at an angle with difficulty or it wouldn’t screw in at all. 
To remedy an out of tolerance hole, a small, round needle file was used to elongate it in the 
direction it needed to move to line up with the threaded hole. The countersink was then moved 
over slightly. This was a tedious process exacerbated by the fact that about 40% of the holes 
needed some sort of adjustment. Overall, most of the joints came out sufficiently square and 
accurate. The only lasting issue was the cold side lid. The holes in the door were drilled and 
tapped too close to the edge and at an angle, leaving a gap behind the door and leaving it 
canted at a slight angle. Steps were taken to mitigate this issue, by enlarging the holes in the 
hinge to allow it to slide a bit to cover up the gap. Another issue discovered at this point was that 
the ULTEM was not truly .375” thick, rather, it was closer to .400” thick. This difference in 
thickness made the lid’s rub when closed since the piano hinges were not coplanar when 
closed. To remedy this issue, washers were put under the screws holding the lid hinges to the 
aluminum. 
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Improvements 
 Looking back, there are many aspects of the design that would be expanded or 
improved if a second prototype battery test box was created. When undertaking a project such 
as this, it is expected that the first prototype has room for improvement. Along with this, some 
aspects of the design were out of the scope of our senior design project, as they could be 
design projects themselves. The first improvement, a cooling system, falls into this category. 
Originally, we had planned to design a liquid nitrogen cooling system for our chamber, but on 
the advice of our advisors, we omitted it from our design, while leaving it open as an option for 
future improvement. This could nearly become a senior design project, as it involves storing and 
transporting a cryogenic liquid, possibly while it’s under pressure, which can be very challenging 
to say the least.  
 Along with a cooling system, our group was not able to properly insulate the chamber. 
With a majority aluminum construction, heat will rapidly conduct to the outside of the chamber, 
where it will be lost, making the heating system rather inefficient. This could be remedied with 
sufficient insulation on either the inside the chamber, outside of it, or a combination of both. 
Insulation would also be a big safety improvement, as the current design will get quite warm, 
posing a potential burn risk for the operator. Other continuation improvements to the current 
design are to include an interior light inside each chamber and polish the ULTEM components, 
to increase the visibility of the battery undergoing testing. Magnets could also be added to the 
lids to help secure them for firmly.  
 As for the design of the robot, several design flaws became apparent as the assembly 
and manufacture of the chamber continued. We found the door and door pin were both difficult 
to manufacture as well as difficult to install and remove, since the shaft is a tight fit in the hinge, 
which was not design for this application. Perhaps a dedicated angle piece could be 
manufactured to allow the doors to be perfectly square and could contain a keyway to truly lock 
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the shaft into the door.  Another design flaw not fully realized until the end was the weight of the 
test box.  Altogether, the box weighs more than 5 kg, which is quite significant for a box the size 
of shoebox. More analysis is necessary to determine how thin the material can be while still 
maintaining sufficient strength. 
 As mentioned above, one limitation of this design is the lack of visibility inside the 
chamber. One solution to this problem is to design the box to incorporate a Glass viewing 
window, rather than relying on transparent plastics. This would likely drive up costs, but if it 
could be done without too much cost penalty, it could be well worth it to see what is happening 
to the battery undergoing testing. Another potential design change would be to incorporate the 
PID controller into the box with some type of control panel. The PID controller comes with 
hardware permitting it to be installed into a dashboard or panel. However, since we did not have 
a dashboard/panel, it is just set next to the chamber. In future designs, an integrated control box 
would be developed adjacent to the main chamber to house things like the PID controller, the 
solid-state relay, and all the associated wiring. Lastly, this design only permits the testing of 
rectangular batteries. To test odd shaped batteries, such as button cell batteries or round 
lithium-ion cells, a different fixturing method would be required. It would be advantageous to 
redesign the battery holder to accommodate a wider range of shapes and sizes. 
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Chapter 6: Conclusions 
 A lot of research into currently available testing apparatuses was first conducted to 
develop a better knowledge base for temperature chamber components and requirements. The 
main design constraints established were a need to withstand a high temperature, monitor the 
experiment through a viewing area, and safely contain any explosions or battery leaks. The 
overall goal of the battery test chamber is to perform repeatable temperature experiments on 
lithium-ion batteries for later examination of structural changes. 
Our design differs from other products because of the low cost, comparable temperature 
performance, and overall desktop size of the unit. The battery test chamber was designed to 
efficiently heat and cool one battery at a time. To achieve this objective the battery test chamber 
was divided into two separate sides in which the heating and cooling could be performed with 
greater accuracy and precision. The 
heating element selected was two heating 
pads closely mounted above and below 
the battery hot side. The cooling method 
settled on was a coolant spray 
administered by operator. The transition 
between the chamber areas was designed 
to be as smooth as possible. Therefore, 
the battery is mounted on a divider door 
once and moves between the sides with 
the turn of a knob. This swivel door design 
enables the chamber to be separated and yet one continuous flow for testing.  
 The battery test chamber was successfully designed to house a range of battery sizes 
with a maximum size of 2.25 x 2.25 x 2 inches. The overall box size was minimized to improve 
Figure 13 - The Finished Battery Box 
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performance and reduce cost. The test chamber structure is composed of two main materials: 
Aluminum Alloy and ULTEM. The ULTEM is a transparent amber color used for the top and 
front box panel viewing areas. The remaining chamber walls are constructed out of Aluminum 
Alloy to reduce cost. The design was created with ease of manufacturing in mind and a 
maximum operating temperature of 150 degrees Celsius.  
 The logistics of constructing the design were carefully thought out before manufacturing. 
This detailed design process fine-tuned our battery test chamber and added the details 
necessary for assembly. The next step was ordering the materials and parts. Once components 
arrived the really hands on process of machining began.  
Many machine shop hours were spent cutting on the bandsaw, mill, lathe, and drilling 
and tapping holes. The machining process required precision and patience to adjust the 
elements during the final assembly. The manufacturing of the overall battery test chamber was 
successfully completed. However, further improvements can be made in the future to better 
incorporate the cooling system and add insulation to improve efficiency.   
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Appendices 
Appendix 1: Component and Assembly Drawings 
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Appendix 2: Full Material Selection 
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